Background. The faster-X effect, namely the rapid evolution of protein-coding genes on the X-chromosome, 2 has been reported in numerous metazoans. However, the prevalence of this phenomenon across metazoans and 3 its potential causes remain largely unresolved. Analysis of sex-biased genes may elucidate its possible 4 mechanisms: a more pronounced faster-X effect in male-biased genes than in female-biased or unbiased genes, 5 suggests fixation of recessive beneficial mutations rather than genetic drift. Further, theory predicts that the 6 faster-X effect should be promoted by X-chromosome dosage compensation, but this topic remains rarely 7 empirically examined. 8 9
3
Background 26 The "faster-X" effect, that is, the rapid evolution of protein-coding genes on the X 27 chromosome, has been widely reported in a range of metazoan systems with sex chromosomes 28 [1, 2] . Higher rates of protein divergence of genes on the hemizygous X-chromosome (faster-X, 29 or faster-Z in W/Z systems) than on autosomes has been observed in organisms including genes distributed across nine autosomes, the median dN/dS values were 0.686 and 0.906 159 respectively ( Fig. 1A) , yielding a ratio of dN/dS values for the X-chromosome to autosomes 160 across all genes (X/AdN/dS (all genes)) of 0.76 ( Fig. 1B) . Thus, the X/AdN/dS (all genes) value is 161 considerably below 1, a result opposite to the >1 value expected under a faster-X effect [4, 14-162 16, 21] . Further, the mean dN/dS on the X-chromosome was about half (ratio of 0.54) that 163 observed on autosomes (Fig. 1B) . Thus, these results indicate the absence of a faster-X effect in 164 this taxon, differing from that observed in most other metazoan systems studied to date. 165 Together, these data show a slower-X pattern in Tribolium. 166 167 Assessment of sex-biased genes on the X-chromosome versus autosomes 168 Sex-biased gene expression has primarily been used to help discern the potential causes 169 of the faster-X (or -Z) after it has been detected in an organism [7, [12] [13] [14] [15] [16] . Having observed no 170 evidence of a faster-X effect for this beetle taxon, we asked if sex-differences in gene expression 171 could help suggest mechanisms that might explain the absence of this effect (Fig. 1) . We also 172 wished to determine whether a faster-X effect was present for specific categories of sex-biased 173 genes, including male-biased, female-biased and unbiased genes. For this assessment, we 174 generated new large-scale RNA-seq datasets for adult male testes and ovaries, and for the 175 gonadectomized bodies of adult males and females (hereafter referred to as GT-males and GT-176 females respectively, or non-gonadal somatic tissues) (Table S1 ). We mapped reads to annotated 177 T. castaneum genes (See Methods), and identified sex-biased genes for the gonads (testis versus 178 ovary) and for the GT-soma (GT-males versus GT-females) as those with a two-fold and 179 8 statistically significant difference (P<0.05) in expression using Deseq2 [44] . We found that 180 25.8% of all genes in the genome (N=16.434) had gonad-biased expression (N=4,242), and 9.6% 181 of genes (N=1,573) had biased expression in the GT-soma (shown in Fig. S1 ). The N values of 182 sex-biased genes for those genes with orthologs (N=7,751) are shown in Fig. S2 (N=2,341 183 (30.2%) and 836 (10.7%) for gonads and GT-soma respectively). We then assessed the sex-184 biased expression status of X-linked and autosomal genes with respect to dN/dS. 185 The proportion of genes on the X-chromosome and on each of the nine autosomes that 186 had sex-biased or unbiased expression is shown in Fig. 2A , which includes all genes for which 187 we had calculated dN/dS values (N=7,751) (see Fig. S3 for all annotated T. castaneum genes, 188 which yielded similar patterns according to sex-biased expression status). We found that a 189 disproportionately large fraction of genes on the X chromosome were ovary-biased: 53.9% of the 190 X-linked genes under study were ovary-biased (N=233 of the 432 X-linked genes for which we 191 assessed dN/dS) ( Fig. 2A ), while only 16.3% of autosomal genes showed ovary-biased 192 expression (N=1,192 of 7,319 genes pooled across autosomes, Chi 2 with Yate's correction 193 P<0.0001). In contrast, relatively few testis-biased, GT-male biased or GT-female biased genes 194 were located on the X chromosome (each of these gene expression categories constituted ≤5.5% 195 of the X-linked genes under study in Fig. 2AB ). These chromosomal distributions of the different 196 sex-bias expression categories for this set of 7,751 genes with high confidence orthologs between 197 T. castaneum and T. freemani (Fig. 2AB ) largely parallels that observed for all T. castaneum 198 genes in the genome ( Fig. S3AB ) and agrees with the aforementioned prior report for all T. 199 castaneum genes [38] . That study compared whole males versus whole females, and showed that 200 the X-chromosome contained a high abundance of female-biased genes and very few male-201 biased genes. Our results extends these results to explicitly show that ovary-biased genes (Fig. 202 2A), rather than genes with female-biased expression in somatic tissues ( Fig. 2B) , are highly 203 concentrated on the X-chromosome, and that X-linked testis-biased genes, GT-male-biased, and 204 GT-female-biased genes are each relatively rarely observed on the X-chromosome.
206
The absence of a faster-X effect is largely caused by slow-evolving X-linked ovary-biased 207 genes 208 Having identified that ovary-biased genes were highly overrepresented on the X 209 chromosome relative to autosomes ( Fig. 2A) , we asked if this might contribute to the observed 210 9 slower-X effect. We compared dN/dS values for these ovary-biased genes on X-chromosomes to 211 those values for autosomal ovary-biased genes (Fig. 2CE; N values in Table S2 , Fig. S2 ). We 212 found that the dN/dS values of X-linked ovary-biased genes were statistically significantly lower 213 than dN/dS values for autosomal ovary-biased genes (MWU-test P<0.001, Fig. 2C ). Thus, the 214 faster-X effect is absent in ovary-biased genes. Further, the ratio of the median dN/dS values 215 when calculated using only the subset of X-linked ovary-biased genes versus those on 216 autosomes, X/AdN/dS (ovary-biased), was 0.74 ( Fig.2E) , also suggesting higher selective constraint on 217 ovary-biased genes on the X-chromosome than autosomes. Moreover, ovary-biased genes on the 218 X-chromosome had lower dN/dS than unbiased genes on the X-chromosome and on autosomes 219 (MWU-tests P<0.001) and markedly lower dN/dS values than testis-biased genes on the 220 autosomes (two-fold lower, 0.060 versus 0.120 median dN/dS values, MWU-test P<0.001; note 221 there were too few X-linked testis-biased genes for reliable testing). Together, given the high 222 frequency of genes located on the X-chromosome that were ovary-biased ( Fig. 2A ), these 223 findings indicate that constrained evolution of ovary-biased genes contributes to the global 224 absence of a faster-X effect in this organism ( Fig. 1) .
225
For the genes with GT-soma-biased expression, there were only 24 genes with GT-226 female biased expression on the X-chromosome (as compared to 233 with ovary-biased 227 expression on the X-chromosome). Nonetheless, as we had observed for ovary-biased genes, this 228 small number of GT-female biased genes also had statistically significantly lower dN/dS values 229 than the GT-female biased genes on autosomes (MWU-test P=0.031, Fig. 2D ), and the X/AdN/dS 230 (GT-female) value when calculated for this subset of genes was also low, at 0.45 ( Fig. 2F ). Thus, it 231 appears that there has also been high purifying selection on X-linked GT-female biased genes in 232 this taxon. Upon close examination however, and as shown in Table S2 , 17 of the 24 (70.8%) X-233 linked GT-female biased genes also had ovary-biased expression, suggesting that the observed 234 effect could be due to purifying selection on ovarian expression rather than somatic expression.
235
Nonetheless, the seven genes with GT-female biased but not ovary-biased expression yielded a 236 X/AdN/dS (GT-female) ratio of 0.32, indicating that X-linked GT-female-biased genes are under 237 higher constraint than those on autosomes, regardless of their ovary-biased expression status.
238
Thus, we find no evidence of a faster-X effect for any female-biased genes, regardless of gonadal 239 or somatic expression, and in fact these genes likely contribute to the slow evolution of the X-240 chromosome. 241 We next assessed whether the faster-X effect was observable for male-biased genes 242 (testis-or GT-male-biased), which would be expected to exhibit a pronounced faster-X effect 243 under a hypothesis of rapid fixation of beneficial recessive mutations in the heterogametic sex [7, 244 16]. We found that very few testis-biased genes or GT-male-biased genes were located on the X 245 chromosome (N=9 and N=12 for testis-biased and GT-male-biased X-linked genes with high 246 confidence interspecies orthologs), and that neither group of male-biased genes showed even 247 mild evidence of a faster-X effect. The median dN/dS value was lower for these genes on the X 248 chromosome than on autosomes for both categories of genes (Fig. 2CD ). The X/AdN/dS (testis-biased) 249 ratio was 0.71 for testis-biased genes, and the X/AdN/dS (GT-male biased) ratio was 0.52 for GT-male 250 biased genes ( Fig. 2EF ), markedly below 1 in both cases. No overlap was observed between the 251 testis-biased and GT-male biased gene sets (Table S2) , and thus the low dN/dS effects were 252 independently observed in each group. For stringency, we examined and noted that three of the 253 GT-male-biased genes were also ovary-biased, but exclusion of those genes from the analysis 254 still yielded an X/AdN/dS (GT-male biased) ratio of 0.59, and thus the low dN/dS effect is directly linked 255 to the GT-male-biased expression. In sum, while the small number of X-linked testis-biased and 256 GT-male-biased genes precludes rigorous statistical testing of those genes, the patterns observed 257 for these genes are inconsistent with a faster-X effect in male-biased genes, whether gonad-or 258 soma-biased. 259 We next asked whether there was evidence for the faster-X effect in the gonadally 260 unbiased genes. Given that such genes were common on all chromosomes ( Fig. 2A , Table S2 ), 261 which provides the potential for high statistical power, and that they by definition they exclude 262 the highly constrained X-linked ovary-biased genes and the testis-biased genes described above 263 ( Fig. 2C ), we predicted that if there were even a mild tendency for a faster-X effect in this taxon, 264 it would be readily apparent in this group of genes. However, we found no significant difference 265 in dN/dS values between X-linked and autosomal gonadally unbiased genes (MWU-test P>0.05 266 Fig. 2C ). Rather, we observed an X/AdN/dS (gonadally unbiased) ratio of 1.04, indicating highly similar 267 dN/dS between these two groups ( Fig. 2E ). In this regard, we conclude that the faster-X is fully 268 absent in gonadally unbiased genes.
269
Finally, we assessed the GT-unbiased genes, and found evidence for greater constraint on 270 the sequence evolution of these genes on the X chromosome as compared to autosomes (X/AdN/dS 271 (GT-unbiased) =0.78, MWU-test P<0.05, Fig. 2DF ). As expected, however, given that a majority of 272 11 X-linked genes under study were ovary-biased ( Fig. 2A , Table S2 ), and that most genes 273 expressed in the GT-soma are not sex-biased ( Fig. 2B ), many of the X-linked GT-unbiased genes 274 (N=396) were also ovary-biased (N=213). Excluding these genes, so that we could consider only 275 those 183 GT-unbiased genes that were not ovary-biased, we found no differences in dN/dS 276 values for these genes between the X-chromosome and autosomes (MWU-test P>0.05). In fact, 277 the X/AdN/dS (GT-unbiased) ratio for these GT-and ovary-unbiased genes was 1.04, identical to that 278 observed for gonadally unbiased genes ( Fig. 2EF) . Thus, the GT-somatically unbiased genes, 279 whether they were co-biased in the ovaries or not, exhibited no signals of a faster-X effect.
280
Taken together, the collective results in Fig. 2 show that the slower-X effect observed 281 here in Tribolium is largely explained by highly constrained evolution of the abundant X-linked 282 ovary-biased genes, with some minor contributions from the relatively smaller number of testis-283 biased, GT-male biased, and GT-female-biased genes ( Fig. 2C-F) . Crucially, the faster-X effect 284 was not even observed in either gonadally-unbiased or GT-soma-unbiased genes, which each 285 yielded an effective X/AdN/dS ratio of 1.04. This latter finding cannot be explained by constrained 286 evolution of X-linked sex-biased genes, suggesting that other factors likely also contribute 287 towards the absence of the faster-X in this taxon (see the below section "Absence of dosage 288 compensation in the T. castaneum testis").
290
Why do X-linked ovary-biased genes evolve slowly? 291 We wished to further consider why the X-linked ovary-biased genes evolved extremely 292 slowly (Fig. 2CE ). The exceptionally low dN/dS values observed for ovary-biased genes on the 293 X chromosome ( Fig. 2CE ) as compared to autosomes suggests that they could be essential genes 294 subjected to high purifying selection, and their ovary-biased expression suggests that they may 295 be involved in female reproduction and thus fitness. To examine this, we determined the 296 predicted GO functions (see Methods: GO functions determined in DAVID [45]) of the ovary-297 biased genes located on the X-chromosome ( Fig. 2A ). Indeed, in agreement with this hypothesis, 298 we found that ovary-biased genes on the X chromosome were enriched for genes involved in 299 ovarian follicle development and wnt signalling (Table 1) , which is crucial for ovarian 300 development and function in multiple animals (see [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] for examples). X-linked ovary-biased 301 genes also included those with predicted roles in female meiosis and oocyte function (Table 1) .
302
These essential ovarian roles were not among the top functional categories observed for ovary-303 biased genes on autosomes (Table 1) . Given these results, we suggest that high purifying 304 selection on ovary-biased genes on the X chromosome is likely at least partly due to the 305 important female reproductive roles of some of these genes. Moreover, their high concentration 306 on the X-chromosome may suggest a history of preferential translocation of essential female 307 reproductive genes to the X-chromosome. 308 We next considered whether expression breadth could explain the slow evolution of X-309 linked ovary-biased genes. It has been proposed that greater expression breadth across tissues, 310 which reflects pleiotropic functionality, constrains dN/dS. For example, the rapid evolution of 311 male-biased than female-biased genes observed in various organisms, as was also found here for 312 testis versus ovaries (MWU-test P<0.001 of all testis-versus all ovary-biased genes, Fig. 2C ) 313 may result from low pleiotropy [17, 40, 56, 57] . Indeed, we found herein that expression breadth 314 across the four studied tissue-types was lower for testis-biased than for ovary-biased genes.
315
Specifically, only 25.5% of testis-biased genes (pooled for X-linked and autosomal) were 316 expressed in all four tissue types (at >1FKPM) while 72.8% of ovary-biased genes were 317 transcribed in all four tissues. In this regard, ovary-biased genes as a group exhibit higher 318 pleiotropy, suggesting potential roles across various tissues that may contribute to their slower 319 evolution relative to testis-biased genes (Fig. 2C ). In turn, the accumulation of ovary-biased 320 genes on the X-chromosome would act to constrain evolution of this chromosome.
321
Nonetheless, it is worth noting that broad expression breadth (expressed in in all four 322 tissues) was observed for the majority of ovary-biased genes independently of chromosomal 323 location (78.9% of X-linked ovary-biased genes and 71.6% of autosomal ovary-biased genes 324 were expressed in all tissues). Thus, the specific finding of a lower dN/dS values of X-linked 325 ovary-biased genes (compared to their counterparts on autosomes, Fig. 2C ) cannot be fully 326 explained by high pleiotropy. We therefore propose that the slower evolution of ovary-biased 327 genes on the X-chromosome than those on autosomes is likely at least partly due to their 328 preferential involvement in essential ovary functions (Table 1) . such that the ratio of expression of X/A in each sex should equal one [38, 58] . In turn, it may be 335 expected that Xmale/Xfemale = Amale/Afemale = 1 [38] . Measurements of gene expression levels in a 336 number of animals have shown that mechanisms for acquiring elevated expression on the single 337 male X-chromosome, or dosage compensation, are highly variable and that full dosage 338 compensation is sometimes, but not always, achieved [38, [58] [59] [60] . In one prior study of gene 339 expression using microarrays of whole males versus whole females in T. castaneum [38] , it was 340 reported that males exhibited full X-chromosome dosage compensation, with Xmale/Amale = 1.0 341 and that females exhibited overexpression of the X chromosome, with Xfemale/Afemale = 1.5, 342 thereby yielding Xmale/Xfemale=0.79 and Amale/Afemale =1. Those results were interpreted as 343 evidence that the genes on the X-chromosome exhibited complete dosage compensation in males 344 (meaning that expression of the hemizygous X linked genes was equalized to expression of 345 autosomal genes in males), and were overexpressed in females as an imperfect response to 346 dosage compensation [38] . However, a recent study that examined published RNA-seq data for 347 somatic glandular tissues in T. castaneum did not find evidence for hypertranscription of the X-348 chromosome in females [60] . Given that dosage compensation can vary among tissues in insects, 349 particularly its absence in the testis of Drosophila [25] [26] [27] , and that complete dosage 350 compensation has been theorized to promote the faster-X effect by fixation of recessive 351 beneficial mutations in hemizygous males [1, 2, 22] , we next aimed to assess dosage 352 compensation separately for genes expressed in the gonads and those expressed in the GT-353 somatic tissues for T. castaneum. As the sex organs play central roles in reproduction, recessive 354 beneficial mutations in genes are apt to have their greatest fitness consequences (and thus be 355 fixed) in the hemizygous male gonad (rather than male soma), and thus we predicted that if a 356 lack of dosage compensation were found in the testis, this might significantly contribute towards 357 the absent faster-X in this organism.
358
In Fig. 3 , we show the median expression level (FPKM) for genes on the X-chromosome 359 and each of the nine T. castaneum autosomes for the gonads (A) and for the GT-soma (B) using 360 all genes that had high-confidence T. freemani orthologs (N=7,751; results for all T. castaneum 361 genes are in Fig. S4 , showing similar patterns). We report that expression levels in ovaries (Ov) 362 were largely similar across the nine autosomes (median 14.7 FPKM across nine autosomal 363 medians) and were relatively elevated on the X-chromosome (18.8 FPKM, MWU-test P=0.023 364 of the X-chromosome versus autosomes, Fig. 3A ; note that X/A is measured using multiple 365 14 decimal places), yielding XOV/AOv of 1.26 and is consistent with overexpression of X-linked 366 genes in the ovary. For the testis (Ts), however, while expression was also largely similar across 367 all nine autosomes (median 7.9 FPKM across nine autosomal medians), a strikingly lower 368 expression level was observed for the X-chromosome (3.2 FPKM, Fig. 3A) , giving an XTs/ATs 369 value of 0.41. Thus, there is 2.5-fold lower expression of X-linked testis genes than of autosomal 370 testis genes (MWU-test P<0.001, Fig 3A; see also Fig. S4A where the value was also <0.5), 371 inconsistent with hypertranscription of the single X chromosome in males, at least for the testis-372 expressed genes. This complete absence of dosage compensation in the T. castaneum testis is 373 even beyond that reported for the testis of Drosophila, which had an 0.65 value for this 374 parameter [25] . Further, the low value potentially not only suggests an absence of 375 hyperexpression on the X-chromosome in the hemizygous state (to balance autosomes), but 376 could also be consistent with an active mechanism of suppression of X-linked expression [25, 27, 377 61] in this beetle.
378
Moreover, we found that testis expression was lower than ovary expression across all 379 nine autosomes, such that ATs/AOv was equal to 0.53 (MWU-test P<0.001 of autosomal testis to 380 ovary expression), differing from the equal male/female expression typically expected on 381 autosomes [25, 38] . This effect was even more pronounced for the X-chromosome, where 382 XTs/XOv had a value of 0.17 (Fig. 3A , MWU-test P<0.001 for X-chromosome testis expression 383 versus ovary expression), indicating that even after taking into account the lower expression 384 level observed on all autosomes for testis genes versus ovary genes (median 1.9 fold), testis 385 genes exhibited a marked drop (5.9-fold) in expression on the X-chromosome. In this regard, 386 both XTs/ATs and XTs/Xov (Fig. 3A) suggest a complete absence of dosage compensation in this 387 beetle.
388
Considering the GT-soma, we observed nearly perfect dosage compensation on the X-389 chromosome for GT-males, both with respect to GT-female expression levels, such that XGT-390 female/XGT-male =0.93 (median of 3.02 and 3.25 FPKM respectively MWU-test P=0.74), and with 391 respect to autosomal GT-male expression levels, with XGT-male/AGT-male=0.91 (MWU-test 392 P=0.11). Thus, unlike genes expressed in the testis, genes expressed in the non-gonadal tissues of 393 males (GT-males) exhibited high dosage compensation (Fig. 3B, Fig. S4B ). The median GT-394 male expression across all nine autosomes was consistently higher than the median expression in 395 GT-females, yielding AGT-male/AGT-female of 1.27 (MWU-test P<0.001), a trend opposite to the 396 15 higher expression level observed for ovary genes relative to testis genes (Fig. 3AB) . Nonetheless,
397
GT-female genes on the X-chromosome were expressed at higher levels than such genes on 398 autosomes, yielding XGT-female/AGT-female=1.26 (MWU-test P=0.064), and thus contributing to the 399 observed highly similar expression levels between GT-females and GT-males on the X-400 chromosome. In sum, the GT-males show evidence of nearly complete dosage compensation, 401 differing markedly from its complete absence in the testis. Additional study of more individual 402 somatic tissues (e.g., brain, hindgut), similar to that in other recent studies [25, 60] , will be 403 needed to assess whether the variation in GT-female expression among autosomes is observed in 404 various somatic tissue types in T. castaneum. 405 Taken together, the results presented here in Fig. 3 and Fig. S4 show a complete lack of 406 dosage compensation in the testis. Given that the faster-X effect may be anticipated to be 407 strongest in taxon groups with complete dosage compensation, due to elevated phenotypic 408 protein product and effects of beneficial recessive mutations in males [1, 14, 22] , the under-409 transcription in the Tribolium testis could contribute to the absence of the faster-X we report here 410 (Fig. 1, Fig. 2) . Further, this effect may transcend all sex-biased expression categories. For 411 instance, all X-linked testis-biased genes, 98.7% ovary-biased genes, and 92.3% of gonadally 412 unbiased genes were expressed in the testis, and thus low dosage compensation may affect all 413 groups of genes due to under-expression (relative to autosomal genes) on the single X-414 chromosome in males. Finally, it should be noted that the absence of X-chromosome dosage 415 compensation found in the testis, combined with a relatively modest elevation in ovary 416 expression ( Fig. 3A) , are consistent with the concentration of ovary-biased genes on the X 417 chromosome in this organism (Fig. 2AB, Fig.S3AB ). Absence of a faster-X effect and sex-biased genes 422 Our results show that the absence of a faster-X effect, and tendency for a slower-X, in 423 Tribolium (Fig. 1) , is explained in part by strong purifying selection on the highly abundant X-424 linked ovary-biased genes (Fig. 2ACE) . Accordingly, we hypothesize that many X-linked ovary- (Table 1) and high cross-tissue pleiotropy (72.8% expressed in all 427 four tissues). We further hypothesize that ovary-biased genes may have been preferentially 428 translocated to the X-chromosome over the history of this beetle taxon. This type of localization, 429 or translocation, phenomenon is also supported by findings from other systems (e.g. mice, chromosomes, especially the fact that two-thirds of X-chromosomes in population are carried by 435 females and only one third in males, which may make the concentration of female functional 436 genes on the X-chromosome an innate benefit to females [18, 61, 65] .
437
For the testis-biased and GT-male biased genes, of which there were very few on the X-438 chromosome (Fig. 2AB, Fig. S3AB) , the low dN/dS observed on the X-chromosome 439 (X/AdN/dS=0.71 and 0.52 respectively) is also discordant with a faster-X effect in those genes.
440
The constraint on X-linked male-biased genes could be readily explained by the immediate 441 exposure of any mildly deleterious recessive mutations to purifying selection in the hemizygous 442 state in testis and GT-males (and not on autosomes). Thus, it is possible that a much different 443 mechanism could cause the slow evolution of those genes, than that operating on ovary-biased 444 genes. In other words, it may be surmised that if most protein sequence evolution is due to 445 fixation of weakly deleterious alleles in beetles, then the X-chromosome would be expected to 446 evolve slowly due to rapid purging of these mutations as a result of hemizygous exposure, as 447 compared to autosomes. This phenomenon was theorized to occur for some organisms under the 448 original faster-X hypothesis [1] and has been proposed to contribute to the relatively mild faster-449 X effect observed in Drosophila (by countering the accelerated evolutionary rates on the X due 450 to rapid fixation of recessive beneficial mutations) [22] . In Satyrine butterflies with W/Z 451 systems, for example, it was suggested that slow evolution of Z-linked female-biased genes 452 occurred due to high purifying selection on the Z-chromosome in the hemizygous state [13] . 453 Thus, the same phenomenon may occur for male-biased genes in Tribolium. 454 Importantly, the unbiased genes in the gonads, and in the GT-somatic tissues, showed no 455 tendency for a faster-X effect, with X/AdN/dS (unbiased) =1.04 for each tissue type (after exclusion of 456 ovary-biased genes from the latter dataset, see Results, Fig. 2C-F) . Thus, the lack of faster-X 457 effect in those genes cannot be explained by higher selective constraint on the X-chromosome 458 than autosomes. Albeit, we do not exclude some purging of recessive mutations in males could 459 occur in these genes, similar as proposed possible for male-biased genes above, however this 460 would be expected to slow the X [1], which was not observed for unbiased genes. The result 461 indicates that another mechanism likely contributes to the absence of a faster-X effect in these 462 beetles, which our data strongly suggest involves the lack of dosage compensation in the male 463 gonads.
465
Lack of dosage compensation 466 Our finding of a complete absence of dosage compensation combined with the absence of 467 the faster-X effect is highly suggestive that fixation of beneficial sequence mutations on the X-468 chromosome may have been uncommon or absent in this taxon due to under-expression in males 469 [1, 22] . Additional findings of an absent faster-X effect in a broader range of organisms, and that tissue expression data will also allow further assessments of cross-tissue pleiotropy of sex-biased 521 genes [40, 57, 70] and may help further disentangle its role in constraining evolution of ovary-522 biased genes (Fig. 2) . 523 Moreover, experimental research of MSCI in T. castaneum, as has been conducted in 524 other organisms [66, 67, 71] , will help reveal whether the lack of dosage compensation observed 525 in the testis is due to transcriptional silencing in the male meiotic cells. In addition, studies using 526 X-linked genes inserted into the autosomes, and vice-versa [25, 61, 68] For males, the isolated reproductive tissues included the testes, accessory glands 547 (mesadenia, ectadenia), and directly attached tissues (vesicular seminalis, vas deferens and 548 ejaculatory duct) whilst for females, gonad samples included the ovaries and their linked tissues 549 (spermathecal gland, common oviduct, spermathecae, and vagina). For simplicity, we refer to the 550 male and female reproductive organs and tissues collectively as "testis" and "ovary" or the sex-551 20 neutral "gonads" herein, with the understanding that they include the abovementioned 552 reproductive tissues directly linked to the respective gonads. All remaining non-gonadal tissues 553 of the adult body are referred to as the gonadectomized (GT-) soma, or GT-males and GT-554 females. For the sister species T. freemani, four RNA-seq samples, one per tissue-type, testes, 555 ovaries, GT-males and GT-females, were obtained and used for refining the CDS list for this 556 species (see Methods) that was employed to assess protein divergence (dN/dS). 
563
For the genome of T. freemani, which we used as a reference to determine dN/dS, CDS 564 have not yet been annotated and thus were extracted from available scaffolds. The scaffold 565 assembly was downloaded from BeetleBase (version 4, http://www.Beetlebase.org, [34] ). Details 566 on extracting the CDS for T. freemani are provided in Additional File 1, Text File S1.
567
In the final CDS list for T. castaneum and for T. freemani, only those CDS having a start 568 codon, not having unknown or ambiguous nucleotides or internal stop codons, and ≥33 amino 569 acids were retained for study. The total number of CDS after filtering was 16,434 for T. 570 castaneum, marginally more than the 16,404 gene models first defined for this species [36] , and 571 was 12,628 for the sister species T. freemani. The average GC content of the T. castaneum 572 protein-coding genes was 46.1% (±5X10 -4 ), which is above the 33% reported for the global 573 genome encompassing all coding and noncoding DNA as has been noted previously for this 574 taxon [35, 36] . comparisons and other analyses provides similar read match performance as other common read-583 mappers such as Bowtie [72] or BBmap (https://jgi.doe.gov/; data not shown). Read counts per 584 CDS were converted to FPKM for each gene. Expression level was compared separately for the 585 gonads and for the GT-soma. Expression was compared between the testes and ovaries, and 586 between GT-males and GT-females by using Deseq2 to obtain P-values [44] and the average 587 FPKM of the replicates per tissue type (Table S1 ). Any gene having at least a two-fold difference 588 in average expression and a statistically significant P-value (P<0.05) as well as a FPKM of at 589 least one in one tissue type was identified as sex-biased [17, 73] . All other genes with nonzero 590 expression in gonadal and in nongonadal contrasts were defined as unbiased. A) The frequency of gonadally sex-biased genes on the X chromosome and nine autosomes for the 7,751 genes under study; B) the frequency for GT-soma sex-biased genes; C) the dN/dS of ovary-biased, testis-biased and unbiased genes on the Xchromosome and autosomes; D) the dN/dS of GT-male biased, GT-female biased, and GT-unbiased genes on the X-chromosome and autosomes; E) the ratio of the median dN/dS of the X chromosome to the autosomes (X/AdN/dS) for all three categories of sex-biased expression for the gonads; and F) for the GT-soma. In A, the red and blue asterisks indicate more ovary-biased and fewer testis-biased (or GT-male biased in B) genes were located on the Xchromosomes than on pooled autosomes (Chi 2 -P with Yate's correction P<0.05 for each contrast). Different lowercase letters on top of each pair of bars in C and D indicate MWU-test P<0.05. In C-F, unmapped genes were included with autosomal genes and their inclusion in or exclusion from the analysis yielded similar results. Unbiased genes included those with no detectable expression. *Note that differences in X-linked and autosomal unbiased genes in panel D and F are explained by ovary-biased genes (Table S2 ) as outlined in the main text. After removal of ovary-biased genes X/AdN/dS=1.04 for GT-unbiased genes. Fig. S2 .
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Lab procedures
The gonads and other elements of the reproductive system were dissected as a single unit in ice cold 1x Phosphate Buffer Saline (PBS) and transferred immediately into TRIzol in a vial kept on dry ice.
The reproductive tissues of males included the testes, accessory glands (mesadenia, ectadenia), vesicular seminalis, vas deferens and ejaculatory duct. The reproductive tissues for females included the ovaries, spermathecal gland, common oviduct, spermathecae, and vagina. All remaining nongonadal tissues of the adult body were collected and defined as GT-males and GT-females. Two biological samples per tissue type (testis, ovary, GT-males, GT-females) were collected for RNA-seq for our main target species for study, T. castaneum (eight total samples) while one sample per tissue type was obtained for T. freemani (four samples). A total of twelve samples were thus obtained for RNA-seq as shown in Table S1 .
The testes, ovaries, GT-males and GT-females were stored in separate vials at -80 o C until RNA extraction. RNA-isolation was performed according to the Ambion Life Technologies TRIzol Reagent Protocol, following which the RNA was used for RNA library preparation. Polyadenylated mRNAs were selected from total RNA samples using oligo-dT-conjugated magnetic beads on an Apollo324 automated workstation (PrepX PolyA mRNA isolation kit, Takara Bio USA). Entire poly-adenylated RNA samples were immediately converted into stranded Illumina sequencing libraries using 200 base pair (bp) fragmentation and sequential adapter addition on an Apollo324 automated workstation following manufacturer's specifications (PrepX RNA-seq for Illumina Library kit, Takara Bio USA). Libraries were enriched and indexed using 14 cycles of amplification (LongAmp Taq 2x MasterMix, New England BioLabs Inc.) with PCR primers that included a 6bp index sequence to allow for multiplexing (custom oligo order from Integrated DNA Technologies). Excess PCR reagents were removed using magnetic bead-based cleanup on an Apollo324 automated workstation (PCR Clean DX beads, Aline Biosciences).
Resulting libraries were assessed using a 2200 TapeStation (Agilent Technologies) and quantified by QPCR (Kapa Biosystems). Libraries were pooled and sequenced on two Illumina NextSeq 500 high output flow cells using single end, 75bp reads.
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Extracting CDS from T. freemani
To extract gene sequences from scaffolds in this species we used Web Augustus version 3.3.1 (http://bioinf.uni-greifswald.de/webaugustus/ [79] ) that was trained to the T. castaneum genome and set at default parameters with the option to identify full length genes. The Augustusgenerated CDS list for T. freemani was then assessed in ORF predictor, using its downloadable Perl script [80] to identify the highest quality reading frame per sequence. In ORF predictor, we employed the option to include the best-hit (lowest e-value) BLASTX alignment (conducted in BLAST+ v2.7.1, https://blast.ncbi.nlm.nih.gov) of T. freemani CDS versus the reference T.
castaneum protein database to define reading frames, an approach which yielded 12,432 uninterrupted sequences of full or partial CDS for T. freemani. For further stringency in curating the T. freemani CDS list, we pooled the identified CDS with all 138,645,558 T. freemani RNAseq reads (trimmed reads, Table S1 ) across all four tissue types (testis, ovaries, male carcass, female carcass) and mapped all sequences to the known and annotated CDS from T. castaneum using Geneious (v11.0.3), which generated consensus CDS. We then extracted CDS wherein all bases had a minimum of 10X coverage, and these were trimmed to the T. castaneum reference CDS. In those T. freemani CDS (obtained after ORF predictor) wherein the CDS was improved in quality (contained no unknown or ambiguous nucleotides) or in its length and/or the terminal stop codon was added by using the RNA-seq data, which occurred for N=1,249 CDS, we replaced the original Augustus-based CDS (among the 12,432) with the latter RNA-seq-mapped version CDS. Original CDS that were identified in T. freemani (and not found in the 12,432 list) only after using the RNA-seq mapping approach (N=196) were also included in the species final CDS list.
